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ABSTRACT 
For ty  magnesium alloys were melted and cas t  in a permanent  
Of these,  nineteen were  successfully hot worked and tested a t  
The nineteen successful alloys 
mold. 
ambient and cryogenic temperatures.  
included fourteen modified alloys whose compositions we r e  a l te red  
during the course  of the program to achieve improved wrought proper -  
ties. 
A s  expected, wide ranges of s t rength and ductility values were  
obtained which depended upon the composition of the alloys, the hot 
working temperature ,  and the heat treatment. The tensile s t rength of 
alloy 11-4 (72Mg - 1 Z r  - 3 Th - 7 Li - 6 Zn - 5 Cd - 6Ag) var ied f rom 
51, 000 psi to approximately 40,000 ps i  and the percent elongation 
varied f rom 1170 to 4070 a t  ambient temperature  depending upon the 
wrought s t ructure .  The maximum ductility of this alloy a t  cryogenic 
tempera tures  was a respectable 7.870, but well  below the established 
goals of the program. 
An elongation of 1470 a t  cryogenic temperatures  was obtained 
for  alloy IA8 (76.5Mg - 1 Z r  - 3 T h  - 9Li - 4 Z n  - 2A1 - 4Ag - 0.5Mn) 
with a corresponding tensile strength of 41, 300psi and ay ie ld  s t rength of 
39,  000 psi. The s t rength and ductility of this alloy a r e  discussed in  
d e t a i l  and recommendations for increasing i t s  mechanical proper t ies  
by variations in  melting and casting techniques a r e  presented. 
In general ,  the resu l t s  of the testing program showed that the 
amount,  distribution, and s ize  of the €3 (bcc) phase in  the two phase,  a +  f! 
alloys was the most  significant factor in  determining the ductility of the 
alloys.  Small  additions of Zn, Ag, Cd and Li did not significantly affect 
the proper t ies  of a basic  Mg - 1 Z r  - 3 Th alloy. Increasing the lithium 
to 770 and raising the s i lver  and cadmium content to  470 and lo%, re- 
spectively,  while the zinc content remained a t  270 did not i nc rease  the 
s t rength  but lowered the ductility. Increasing the zinc content to  670, 
with 670 Ag and 570 Cd, increased the s t rength by 6070 with good ambient 
tempera ture  ductility, but increasing the zinc content to 670 in a 1270 
li thium alloy resul ted in poor ductility. 
ducing the thorium content of these alloys to 1*70 improved the low 
t empera tu re  ductility without affecting i t s  stability. 
Eliminating cadmium and re- 
The 9% lithium alloys were  character ized by excellent ductility 
even a t  cryogenic temperatures .  
the zinc content to a maximum of 470 was accredited for the improved 
ductility . 
Eliminating cadmium and reducing 
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The resul ts  of work performed under Phases  I9 I1 and 111 of 
Contract No. NAS 8-11168 for the period f rom June i9 ,  1964 through 
June  18, 1965 a r e  described below in this Annual Report. 
A.  PROGRAM PLANNING 
A char t  reflecting the ent i re  program schedule and planning is 
shown in  F igure  1. No changes were  made  in  program planning s ince 
Monthly P r o g r e s s  Report  No. 8. 
original schedule was to extend the cryogenic testing to June  15, 1965 
in o rde r  to include additional alloys in the testing program. 
The most  notable change f rom the 
B. TECHNICAL REVIEW OF WORK ACCOMPLISHED 
DURING THE PERIOD FROM 
J U N E  19, 1964 THROUGH J U N E  18, 1965 
Introduction 
The purpose of this program has  been to develop light weight, 
wrought magnesium alloys for applications requiring high strength,  high 
ductility and low notch sensitivity a t  cryogenic temperatures .  
cally, the ult imate goal was to develop an  alloy with a tensile s t rength of 
45, 000 ps i ,  a yield s t rength of 35,000 ps i  and with 2070 elongation a t  
t empera tures  f r o m  -423OF (-253OC) to room tempera ture  (68OF); con- 
t rac tua l  goals call  for  these minimum proper t ies  over the ent i re  range, 
except that a t  the low limit  the elongation may dec rease  to i570. 
addition, the weldability of the developed alloys shal l  equal o r  exceed that 
of the AZ3 1B magnesium alloy. 
Specifi- 
in 
The program has  consisted of th ree  phases:  P h a s e  I included a 
comprehensive l i t e ra ture  search  and analysis as well a s  the preparation 
of one-pound heats  of selected alloys for  prel iminary screening examina- 
tions; Phase  I1 consisted of preparation of ten pound heats  of severa l  of 
the compositions shown to be promising i n  Phase  I. 
into suitable wrought fo rms ,  the mechanical propert ies  of the alloys were  
tes ted at -45Z°F, -320°F and t68OF; finally, Phase  I11 consisted of re- 
crystal l izat ion and gra in  growth studies,  welding t e s t s ,  metallographic,  
and electron microscopy examinations of the most  promising alloy. 
After processing 
Most of the program was devoted to Phase  XI; ten pound mel t s  of 
each of nine alloys for  each of the three basic sys tems were  prepared,  
p rocessed ,  and tested. A l l  alloys were  selected according to a s ta t i s -  
t ical  plan in order  to cover a s  wide a range of strength and ductility 
values a s  possible. Each alloy system represented one s ta t is t ical  mat r ix  
and the nine alloys represented components of the matr ix .  A few alloys 
r ep resen ted  alloying compositions of known mechanical proper t ies ,  but 
these  were  included to complete the s ta t is t ical  design. The three mat r ices  
I -  
. 2 5  Mn 
. 7 5  Mn 
a re  shown below: 
3A1 8 .5A1  12 A1 
6 Z n  3 Z n  1 Zn  
12 A1 3 A1 8 . 5 A l  
3 Z n  1 Z n  6 Z n  
4 5 6 
7 8 9 
t 
1.5 M n  
MATRIX I 
8.5A1 1 12Al  I 3 A l  
1 Z n  6 Z n  3 Z n  
I 
Basic Alloy - Pure Mg 
1 
I 
0.05 Li 0 . 2  Li 1. OLi 
1 2 3 
2 3 I 
2 Z n  2 A g  4Ag 6 A g  
2 Li 7 Li 12 Li 
4 - 5  6 
MATRIX I1 
6 Zn 
Basic Alloy - Mg + 1 Z r  + 3 Th 
6 A g  2 4  4 A g  
7 Li 12 Li 2 Li 
7 8 9 
2 Ag 
4 
4Ag  6 Ag 
5 6 
3 Th 9 Z n  
4 Ag 
5 Th 6 Zn  
7 
6Ag 
2 A g  7 Li I 6 4  4 A g  ! 2Li 12 Z n  12 Li 
2 Z n  6 Z n  
6 A g  2 Ag 
9 Z n  2 Z n  
8 9 
2Ag 1 4Ag , 
MATRIX 111 
Basic Alloy - Mg + 1 Z r  
0 Nd l . 5 N d  3 Nd 
I l 3  1 I 
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The nine alloys of Matr ix  I have a hcp s t ruc ture ;  the smal l  
addition of lithium was chosen to reduce the c / a  ratio' ra ther  than to 
t ransform the mat r ix  to a bcc structure.  
aluminum alloys containing high percentages of lithium to over age 
rapidly a t  low temperatures  prompted the selection of alloys with con- 
servat ive lithium additions for the f i r s t  mat r ix ;  higher lithium additions 
were  reserved  for  the second matrix.  
additions as high a s  1. 570 because of i ts  solid solution strengthening ef- 
fect, even though i t s  limited solubility and tendency to segregate  to the 
bottom of the lower density magnesium-rich Mg - A1 - Zn liquid was 
recognized a s  a problem, 
tempera ture  above 1500°F to re ta in the maximum amount of mangenese 
in solution was employed, 
aluminum and zinc were  assumed to be additive and were  utilized to 
the fullest. In actual commercial  practice,  alloys containing m o r e  than 
10% A1 a r e  ra re ly  cas t  because of the danger of incipient or  eutectic 
melting a t  g ra in  boundaries. Matrix I contains three alloys with alumi- 
num contents of 1270, the maximum limitations of solid solubility, s o  
that the effect of aluminum would not be  masked by other alloying effects 
in the s ta t is t ical  matr ix .  
The tendency for  magnesium- 
Magnanese was selected for  
A chill casting technique f rom a pouring 
The solid solution strengthening effects of 
Zinc i n  excess of 270 has  been found to  produce alloys susceptible 
to heat  t reatment  for  maximum strength, although ductility usually de- 
c r e a s e s  rapidly as the zinc content is  fur ther  increased.  Matr ix  I was 
designed to contain three alloys with less than Z ~ O  zinc with iiiree alloys 
containing a maximum of 670 zinc. T h e  propert ies  of binary alloys con- 
taining 6% zinc i n  the fully heat treated condition do not approach those of 
magnesium aluminum alloys and the emphasis in Matr ix  I was placed on 
aluminum ra the r  than zinc. 
Mat r ix  I because of the presence of aluminum. Gra in  refining was to be 
accomplished by chill casting and subsequent forging and rolling. 
No nucleant gra in  refiner was added to 
Nucleant gra in  refining was studied in  Matr ix  11. Zirconium 
(1 wt. 70) was added to each mel t  and seve ra l  modifications were  made  
with si l icon a s  a gra in  refiner.  Each mel t  a lso contained 3 wt. 70 thorium 
for s t ruc tu ra l  stability, a property often overlooked in magnesium lithium 
alloys. Severa l  modifications of these alloys were  made  in o rde r  to study 
the effect of thorium separately.  The p r imary  purpose of Matr ix  I1 was 
to study the effect of lithium on the s t rength and ductility of magnesium 
alloys containing a variety of strengthening elements. 
for  solid solution strengthening, as  was s i lver .  
Cadmium was added 
The favorable s i ze  factor 
1. R. S .  Rusk, Trans .  AIME, 188, 1460 (1950)* 
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of both these elements enhances solid solution strengthening, but the electro-  
negativity of the la t ter  element res t r ic t s  i t s  maximum solid solubility. Ma- 
t r ix  II contains alloys with as much as  20 wt. ‘70 cadmium and 6 wt. 70 si lver .  
Zinc was added to the Matr ix  I1 alloys in  ra ther  l a rge  quantities i n  
order  to study the effect of lithium-zinc compounds on the ductility of mag-  
nesium alloys. Alloys 7,  8 and 9 contain 12’70 zinc with 12’70, 2‘70 and 770 
lithium, respectively . 
Matrix I11 contains zinc and silver additions for  strengthening and the 
thorium content varied f rom 070 to 570. The sys tem is inherently fine grained 
and s t rong,  but lacks ductility and weldability. Thorium and neodymium were  
added to  overcome the adverse  ductility effects by forming ductile intermetal-  
l ic phases.  One of the functions of the Matr ix  III alloys was to study a tech- 
nique to  significantly increase  the ductility of magnesium alloys without adding 
lithium. 
Meltine Procedure  
A l l  the alloys were  melted in Hevi-Duty Electr ic  Furnaces  which 
were  mounted on f r ames  for  easy tilting and d i rec t  pouring. 
melting crucibles  used for  alloy preparation is shown in  F igure  2. 
crucibles  w e r e  continuously flushedwith purified a rgon  and additions made  
to the me l t  through the large port  shown on the top of the crucible.  
One of the 
The 
Two sma l l  openings a r e  a l so  shown on the crucible top; one was 
The pouring 
After all 
made  to  accommodate a thermocouple well  to which a s t i r r ing  paddle was  
a l s o  attached; the other port  was used to  admit the argon. 
spout is shown in  front of the crucible with a removable cap. 
additions were  made  and the mel t  thoroughly s t i r r ed ,  the cap was removed 
and the meta l  was either teemed into a hot ladle or  directly into the mold. 
Pouring shanks,  not shown in  Figure 2,  were  fitted to the crucible to 
faci l i ta te  pouring of the m o r e  oxygen sensit ive mel t s  without ladling. 
A l l  the alloys were  cas t  i n  the cas t  i ron  permanent mold, which was 
designed to  facil i tate producing oxide free cas t  rolling stock. The design 
of the mold is shown in F igu re  3 and an  open view of the mold is shown in  
F i g u r e  4. 
until the  cavity could be  completely filled. 
The s ize  of the vents shown i n  F igure  4 was continuously increased 
The ingate sys tem was developed by t r ia l  and e r r o r  start ing f rom 
min imum ingates to the final openings required to  produce a sound casting. 
One s i d e  gate was added to feed hot meta l  to the riser for  the sluggish mel t s ,  
but this  gate was blocked off for  most  of the alloys. 
-4- 
The most  important factor i n  obtaining good magnesium casting 
was the elimination of turbulence in  the flowing meta l  to minimize the 
formation of oxide inclusions. 
"squirting" through the ingate and by choking the meta l  in  the sprue ;  the 
final sprue-to-runner-to-ingate ratio ultimately developed was 1/ 1/8?: 
Any d ross  that did f o r m  during pouring was trapped in  the sump by a tin 
plated perforated metal  cylinder. Fluffed s tee l  wool was a l so  placed in-  
s ide the cylinders to cushion the liquid meta l  and to  eliminate turbulence. 
This was accomplished partly by avoiding 
F o r  alloys containing f rom 770 to  12% lithium, double screening 
was necessary  to keep the meta l  clean. 
concentric perforated cylinders with fluffed s tee l  wool inser ted between 
the cylinders for additional screening. 
This was accomplished by using 
Five  insulating and/ or fluidity promoting mold coatings were  
evaluated during the course of the program, including acetylene o r  lamp 
black, Dycoat 140, Dycoat 140 t Dycoat 11, Dycoat 140 + Ep. 2210, and 
Dycoat 140 t acetylene soot. Acetylene acted as a good lubricant but the 
coating had to  be repa i red  af ter  each use.  Dycoat 140 was a white, tena- 
cious coating with excellent insulating propert ies .  However, this coating 
reacted with the high lithium alloys and had to be  protected by Dycoat 11, 
a graphite coating with excellent lubricating propert ies .  This combina- 
tion gave excellent insulating and lubricating proper t ies ,  requiring l i t t le 
additic?r,al a t t en t inn  when properly applied. Ep. 22 10 was finely divided 
carbon which proved to be messy and difficult to apply. Dycoat 140 with 
a final coating of acetylene soot gave good castability, but the outer coat- 
ing had to be  constantly repaired.  
mold; the temperature  being measured by a sur face  pyrometer ,  
A l l  coatings were  applied to a hot, 500°F 
While the mold was being prepared,  empty crucibles were  heated to 
the tempera ture  range 1350° to 1400OF. After reaching equilibrium, eighty 
percent  of the pure  magnesium was added to the crucible and the top was 
tightly secured. After the initial charge melted,  the remaining pure  mag- 
nes ium was added to  the mel t  by lowering i t  through the alloying port  shown 
in  F i g u r e  2,  Additional alloying elements were  added in sequence through 
the s a m e  port  with the grain refiner and lithium added last .  Following es- 
tablished melting pract ice ,  the melt  was slowly "puddled" a f te r  the zircon-  
ium additions and thoroughly s t i r red  af ter  the lithium additions were  made. 
Lithium was added a s  a Mg + 47% Li m a s t e r  alloy, developed by the Foote 
Minera l  Company a t  the request of AMF project  personnel. 
m a s t e r  alloy insured thorough mixing and complete lithium recovery.  
The use  of a 
"This r a t io  is not cor rec ted  for the rest r ic t ion offered by the sc reen  which 
had a 4070 opening. 
-5-  
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After the mel t  was thoroughly s t i r r e d ,  the pouring spout was opened 
(See Figure5.)  The crucible was re- 
and the crucible removed f rom the furnace s o  that a portion of the meta l  
could be  poured into a f rac ture  mold. 
turned to the furnace and the pouring spout closed while the f rac ture  cas t -  
ing was examined for  grain refining. 
pouring spout was again opened and the crucible was  removed f r o m  the fur -  
nace and the meta l  quietly pouredinto the sprue  a s  shown i n  F igure  6. Argon 
was continuously fed into the crucible through a flexible line to  keep the meta l  
f rom oxidizing. After solidification, the mold was opened and the casting r e -  
moved and s tored  for  subsequent heat t reatment  and hot working. 
casting is shown in F igure  7. 
If the proper  texture was obtained, the 
A typical 
Metallography of Matr ix  I As-Cast Structures  
Metallographic analysis of the c a s t  alloys of Matr ix  I shown in  Fig-  
u r e s  8 through 16, proved the as -cas t  alloys to  be cored. In nearly a l l  of 
the alloys,  the gra in  boundaries contained thick envelopes composed of a l -  
ternate  layers  of a eutectic type s t ruc ture  in conjunction with a continuous, 
multiple component, br i t t le  phase. The ma t r ix  mater ia l  itself appeared to  
be  soft and ductile, with numerous brit t le inclusions embedded in the individ- 
ual grains .  
F o r  the purposes of this report  the micros t ruc tures  of the individual 
allzlys w s r s  de~e!c?ped hlr appropriate metallography to  bet ter  i l lustrate  one 
or m o r e  of the salient microstructural  charac te r i s t ics  of the ent i re  matr ix .  
F o r  example,  Alloy 1 - 1 ,  Figure  8, shows coring and some br i t t le  intergranu- 
lar phase. Alloys 1-2 and 1-3 ,  Figures  9and  10, have been prepared  to bes t  
i l lus t ra te  the l a rge  amounts of eutectic type s t ruc ture  found in the grain 
boundaries of these a s - c a s t  alloys. 
to i l lus t ra te  coring and the presence of a continuous br i t t l e  phase. F igure  
12,  Alloy 1 - 5 ,  pr imar i ly  i l lustrates  coring. F igure  1 3 ,  Alloy 11-6, shows 
la rge  amounts of eutectic type s t ructure  and br i t t l e  phase. F igure  14, A l -  
loy 1-7, i l lust rates  the numerous brit t le phases  forming a continuous envel- 
ope in  the gra in  boundaries. Figure 15, Alloy 1-8, shows coring, in te r -  
g ranular  br i t t l e  phases ,  and a eutectic type s t ruc ture  with brit t le inclusions 
in the gra in  boundaries. 
Alloy 1-4, F igure  11, has  been prepared  
Metallography of Matr ix  I1 A s  -Cast S t ruc tures  
I 
A s  a resu l t  of metallographic analysis of the Matr ix  I1 alloys,  three 
basic  types of micros t ruc tures  were discovered. Solution heat t reatment  
was used on some of the alloys to  accentuate these basic micros t ruc tura l  
differences.  Alloys 11-4, as  shown in F igure  19, and the modified 11-4 al- 
loys,  F igures  24-28 ,  consist of a somewhat br i t t le  mat r ix  mater ia l  along 
with amounts of discontinuous ductile phases in the grain boundaries. The 
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1270 lithium alloys, Il-3, 11-5 and 11-7, a s  shown in  F igures  18, 19 and 22 
a f te r  solution heat treatment,  a r e  very near ly  single phase alloys with a 
la rger  grain s i ze  than the two phase alloys. The high cadmium-high zinc 
11-6 and 11-8 alloys,  F igures  21 and 23, exhibited a continuous br i t t l e  grain 
boundary precipitate.  After solution heat  t reatment ,  one of the gra in  boun- 
dary precipitates,  undoubtedly the Cd-Zn eutectic, melted leaving voids in 
the gra in  boundaries, 
Metallography of Matr ixIIIAs -Cast  Structures  
Metallographic analysis of the a s - c a s t  alloys of Matr ix  111 proved 
the alloys to b e  cored and to  have an almost  continuous br i t t l e  intergranu-  
l a r  phase which exhibited br i t t le  behavior, as shown in  F igures  29 through 
38. Severa l  of the alloys were  a l s o  found to  have br i t t le  phases  embedded 
in the individual grains ,  The micros t ruc ture  of Alloy 111-3, shown in  Fig-  
u r e  3 1, was preferentially prepared  to i l lustrate  the br i t t l e  inclusions found 
in the individual grains .  F igures  36 and 37 of Alloys In -8  and 111-9 show 
the micros t ruc ture  preferentially prepared to best  i l lustrate  the multi-phase 
br i t t l e  intergranular  envelope character is t ic  of the a s  - cas t  alloys of this 
ma t r ix  while photographs of Alloys 111-1, 111-7 and 111-10 a s  shown in F igures  
29, 35 and 38, were  selected to i l lustrate  coring. 
Hot Working Procedure  
The castings w e r e  homogenized for  48 hours  a t  8UO"F pr io r  to  hot 
working. 
alloys a t  temperatures  f rom 600°F to 720°F, depending upon the des i red  
s t ruc ture .  
ing a f te r  reductions of 1070 to 1570 and were  discarded a s  being too br i t t le  to 
mee t  the requirements  of the program. A l l  of the Matr ix  1A alloys hot worked 
without difficulty and the f i r s t  four alloys of Matr ix  11 were  easily hot worked. 
Alloys 5 and 6 of Matr ix  I1 showed slight cracking in the ear ly  s tage of rolling, 
but Alloy 11-5 was successfully rolled to  1/8" sheet  in spite of the difficulties 
with the init ial  reductions. The high cadmium alloys, 11-6 and 11-9, were  dif- 
f icult  t o  hot work and could not be successfully rolled into sheet,  
11-7 and 11-8 cracked severely on the f i r s t  pass  because of the formation of 
br i t t l e  intermetal l ic  compounds and possible incipient melting in  the grain 
boundaries 
easily rol led to sheet form,  The castings were  heated in a 5670 KC1-LiC1 
eutectic sa l t  solution which formed a film on the surface of the castings and 
acted as a lubricant during subsequent hot working. 
an insulator  to prevent the castings f rom cooling below the hot working tem- 
pe ra tu re .  
to prevent  mois ture  pickup and ensuing saline corrosion. 
Total reductions of 8770 to 9770 were  made  on the mos t  promising 
All of the Matr ix  I and Matrix 111 alloys showed signs of crack-  
Alloys 
( see  F igures  22  and 23). A l l  the modifications of Alloy 11-4 w e r e  
The film also acted a s  
After hot working, excess sa l t  was removed f rom the rolled sheet 
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Mechanical Proper t ies  
After hot working, the rolled sheet  was sectioned and machined 
The specimens were  subsequently into six inch flat tensile specimens.  
heat t reated a t  a variety of temperatures  or tested in  the as - ro l led  condi- 
tion. 
and tested a r e  given in Table I: 
The composition of the alloys that were  successfully hot worked 
TABLE I 
COMPOSITION OF ALLOYS THAT WERE 
SUCCESSFULLY HOT WORKED 
Alloy No. 
1A 1 
1A2 
1A3 
1A4 
1A5 
1A6 
1A8 
XI 1 
I1 2 
11 3 
I1 4 
XI 5 
II 10 
11 11 
I1 4A 
I1 4B 
I1 4 c  
I1 4D 
II 4E 
C omp os i t i  on, w t . T o  
Grain  
Refiner Th Li Zn Mn A1 M g  - - - - -  
0 81. 75 1 Si 3 9 1  
82.00 1 Si 3 9 1  1 2 
2 80. 75 1 Si 3 9 2  4 
0 1 Si 3 9 2  2 83.50 
76.00 1 Z r  3 9 2  1 4 
2 76. 5 1 Z r  3 9 4  2 
- 1
79.50 1 Si 3 9 1  ; 4  
- 1
- 1
A - 
M g - - -  Z r  Th Li - - A g  Zn Cd 
85 1 3 2 2 5 2 
73 1 3 7 2 10 4 
56 1 3 12 2 20 6 
72 1 3 7 6 5 6 
66 1 3 12 6 10 2 
69 1 6 7 6 5 6 
66 1Si  3 12 6 10 2 
lj!? 7 6 0 6 
73.5 1 lg  7 6 5 6 
78 ,5  1 
72.5 1 2* 7 6 5 6 
77.0 1 3 7 7 0 6 
74.5 1 3 7 6 2$ 6 
-8- 
AiL 
4 
2 
1 
2 
1 
4 
4 
A l l  tensile specimens were  tested in  a 20 ,000  pound capacity 
F igure  39 shows two views of a Instron Universal Testing Machine. 
Cryogenic Research  Co. Model TC-20000 Tensi le  Cryostat  that was 
used to tes t  the magnesium specimens in  cryogenic fluids. The rigid 
t ransfer  line shown in F igure  39 did not operate  well with liquid he- 
l ium because of constant breakage of the vacuum jacket sea ls  that in- 
sulated the inner t ransfer  tube, and in some  cases  the lowest tempera-  
t u re  that could be obtained was -423'F. 
mately replaced by a 100 liter capacity flexible connection of m o r e  
modern  design that allowed us to reach -452OF. 
This t ransfer  line was ulti- 
The testing program was initiated by testing Alloys LI- 1, U-2, 
and 11-4 a t  ambient temperature.  
tensile specimens revealed that rupturing s ta r ted  a t  minute oxide im- 
puri t ies .  
argon atmosphere and cas t  in the permanent mold with the s tee l  wool 
and perforated sc reen  in  place a s  previously indicated. 
par t ic les  were  removed f rom subsequent mel t s  by using the double 
screening technique described in the Melting Procedure.  
sul ts  i l lustrated the importance of a good mold design and showed that 
magnesium alloys cannot be cas t  directly into an  open mold i f  optimum 
strength and ductility a r e  to be  obtained. 
F rac tu re  analysis of the broken 
A l l  of these alloys were  melted under a "gettered" ine r t  
These minute 
These  r e -  
-Most of the testing in the early phase of the program was done 
on Alloy 11-4. 
for  this alloy in  the as-rol led condition as shown in  Table 11. 
tility a t  68OF varied f rom 11% to 40% and the tensile s t rength var ied 
f r o m  40,000 to 51, 000 psi  (considering only the alloys cas t  with the 
improved double screening technique). 
tion of these alloys varied somewhat a s  follows: Mg - 0. 5 Z r  - 2. 2 Th - 
5. 9 Z n  - 5. 1 Cd - 5. 35Ag - 7. 2Li f o r  the alloy with l6T0 elongation and 
Mg - 0. 05 Z r  - 1.8  Th - 6. 3 Zn - 5. 3 Cd - 8. 7 Li for the alloy with 4070 
elongation, Good recovery was obtained for  the most  readily oxidized 
alloying elements,  thorium and lithium. The f ine,as-cast  g ra in  s t ruc -  
t u re  of these alloys was attr ibuted to chill casting ra ther  than to nucleant 
g ra in  refining because of the low zirconium recovery.  
A wide variation i n  mechanical propert ies  was obtained 
The duc- 
The actual chemical composi- 
Most of the variation in the as - ro l led  proper t ies  was attr ibuted 
to the i r  micros t ruc ture ,  a s  shown in F igures  40 through 43. 
s t ruc tu re  of specimens with high elongation values has  a very fine, 
needle-like second phase [bcc 8 phase] randomly dispersed through the 
hcp ma t r ix ,  whereas this phase is longer and oriented in the direction 
of rolling in those specimens of moderate elongation. The specimens 
with random orientation of the 8 phase, i. e. , those that show high duc- 
t i l i ty ,were hot worked a t  a lower temperature  where the second phase did 
The micro-  
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not tend to agglomerate,  
I 
t 
In an  effort to study the effect of wrought s t ruc tu re  on the low 
temperature  ductility of Alloy 11-4, duplicate castings were  hot worked 
a t  600°F and 720°F; both castings rolled successfully without difficulty. 
Rolling a t  600°F elongated the 6 needles of the a s - c a s t  s t ruc tu re  (shown 
in F igu re  19) in  a p re fe r r ed  direction giving the appearance of a cold- 
worked s t ruc ture  a s  shown in  F igure  44. Rolling a t  720°F resul ted in  
the s t ruc ture  shown in F igure  45, which shows a random distribution of 
a fine p phase and a p re fe r r ed  orientation of c o a r s e r  @ needles. A s  ex- 
pected f r o m  the micros t ruc ture ,  Alloy 11-4 hot worked a t  6 O O O F  showed 
low values of elongation a t  68OF regardless  of the post hot working heat 
treatment.  
11-4 alloy that was hot worked a t  720°F had a g rea t e r  ductility a t  -320°F, 
but the values of 6. 470 to 7.870 were  not a s  high as expected. 
a slightly higher lithium content is  required,  in addition to a fine micro-  
s t ruc tu re ,  for  optimum ductility. The s t rength and ductility of alloys 
containing 970 lithium was studied later in the program as a supplement 
to the Matr ix  I alloys and the resul ts  a re  discussed in  the section en- 
titled Modification of Matr ix  I Alloys. 
At -320OF the elongation of this alloy was only 3. 070. The 
Evidently 
Heat treating studies w e r e  performed to fur ther  stabil ize the 
mechanical propert ies  of Alloy 11-4. 
ed a t  a variety of temperatures  to  determine the optimum solution heating 
and aging conditions. F igure  46 shows that the strength of the as-roi led 
m a t e r i a l  falls off drastically with a low temperature  anneal (21O0F) but 
i nc reases  with increasing temperature  until 600°F is reached. The duc- 
tility, on the other hand, continues to decrease  with increasing tempera-  
ture .  Above 6000F, the ductile phase agglomerated, the ma t r ix  r e -  
crystal l ized,  and considerable grain growth occurred. In view of these 
r e su l t s ,  a solution hea t  treating temperature  of 600°F was considered 
to be  optimum and the t ime a t  this temperature  was obtained by the s u r -  
vey summar ized  in  F igure  47. Again a maximum in  the tensile strength 
of the alloy occurred,  but the elongation dropped continuously with time. 
A compromise  was made  between strength and ductility and a t ime of one 
hour a t  600°F was chosen a s  the optimum solution heat  treatment;  the 
aging t ime a t  20O0F following the heat t reatment  a t  600°F was then varied 
a s  shown in  F igure  48. This group of alloys s t a r t ed  with an  ult imate 
s t rength  of 47, 300 ps i ,  a yield strength of 43,700 p s i  and an elongation 
of 570. Aging for  one hour a t  ZOOOF reduced the tensile s t rength to 40,800 
ps i ,  the  yield s t rength to 37,400 psi, and increased the elongation to 227". 
Upon testing in tension a t  cryogenic temperatures ,  the ductility 'of the 
II-4 alloy decreased to  370 in the as-rol led condition. Optimizing the heat 
t r ea tmen t  and carefully controlling the wrought s t ruc ture  caused the elonga- 
tion to  improve to 7. 870 a t  -320°F o r  about one-half the des i red  ductility. 
Tensi le  specimens w e r e  hea t  t rea t -  
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Tensi le  specimens of alloy 11-4 were  cut and joined by a butt-type 
weld but oxides were  formed a t  the start and end of  each weld. Flat sheet 
specimens were  s imilar ly  welded and then machined into tensile specimens 
with the welded joint location at the center of the gage a r e a .  These  speci-  
mens appeared good f rom a macroscopic examination, but low ductility 
(about 2%) and low tensi le  s t rength values were  obtained (32,400 to 39,600 
psi) during subsequent tensile testing. 
that the poor weld efficiency was not caused by the crystallographic s t ruc tu re  
of the weld but by small  oxide entrapment in  the weld zone. 
entrapment resulted from using insufficient argon cover gas during the weld- 
ing operation. 
i ne r t  gas  welding of the magnesium alloys.  
welded successfully without using the d ry  box. 
Microstructural  examinations revealed 
This oxide 
A vacuum dry  box was modified to develop procedures  f o r  
Ultimately the alloys will b e  
In o rde r  to study the separate  effects of the minor strengthening ele- 
ments Cd and T h  the cadmium content of alloy 11-4 was varied f rom 070 to 
5% and the thorium content was varied f rom 1% to 370. All of these alloys 
showed an inc rease  in  s t rength and a dec rease  in ductility at  cryogenic 
tempera tures .  
of 42.270 a t  68OF, but the ductility decreased to 3.570 at -32O0F. 
alloy showed the most  promise  for cryogenic applications. 
of this alloy at 68OF was a moderate 17 to 1870, but at -320°F and -452OF the 
elongation was 8 .  570 and 7.070 respectively.  
at -452OF w a s  SO, 000 psi  and 45,300 psi  respectively.  
The OCd-3Th alloy was heat treated to obtain a n  elongation 
The elongation 
The tensile and yield s t rength 
The oCd- l+Th 
The  a s - c a s t  s t ruc ture  of Alloy 11-4 modified with 1.570 Th  and 0% Cd 
is shown in Figure 25. 
B phase.  
a s  shown in F igure  49 when the total t ime of preheating and reheating between 
passes  was fifty minutes .  When the total t ime at tempera ture  (720°F) during 
hot worki%ing was 140 minutes,  the precipitate in the fl phase completely d i s -  
solved and all evidence of coring was a l so  eliminated a s  shown in  F igure  50.  
The ambient tempera ture  tensile strength of the former  specimen was 
39,800 psi  with ar, elongation of 17.370. 
l3 phase with a longer heating t ime lowered the s t rength to 31,500 psi  without 
significantly increasing the ductility, indicating that the amount and d is t r i -  
bution of the fl phase had a more  predominant effect  on ductility than the 
actual  composition within the @ phase. Note too, that the precipitates dis-  
solved slowly a t  720°F, a most  essential character is t ic  of a s table  a l loy.  
Note the precipitation of fine par t ic les  in the white 
These  par t ic les  remained in the elongated p phase a f te r  hot working, 
Dissolving the precipitate in  the 
The  distribution of the fl phase in the a s -cas t  s t ruc ture  of the 1. 570 
Th-5% Cd al loy,  shown in Figure 24, i s  s imi la r  to the s t ruc ture  of the regu- 
lar 11-4 al loy,  F igure  19, but the amount of precipitate in the mat r ix  has  
been great ly  reduced. The as-hot worked s t ruc ture  of the alloy, F igure  51, 
shows m o r e  of the finer phase than the original 11-4 alloy that was hot 
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worked a t  72O0F, F igure  45, but has a c o a r s e r  s t ruc ture  than the 11-4 
alloy that exhibited 40.670 elongation (F igure  4 0 ) .  
Th-570 Cd modified alloy was 5 .  570 in the as-rolled condition and 2770 af te r  
heat t reatment .  
cadmium i s  detrimental  to the low temperature  ductility of the alloy. 
The elongation of the 1$70 
At -320°F the elongation dropped to only 570 indicating that 
The  a s -cas t  s t ruc ture  of the 2,570 Th-570 Cd alloy is  shown in F igure  
28. Unfortunately, no t e s t s  could b e  made  on this alloy because the casting 
cracked during hot rolling at 600°F. On the p remise  that cracking was 
caused by the experimental procedure rather than by the composition of the 
alloy, this  alloy should not be eliminated from fur ther  consideration in 
future r e sea rch .  
The a s -cas t  s t ruc ture  of the 370 Th-070 Cd alloy i s  shown i n  F igure  
This composition exhibits a typical dispersion of 8 phase with a l a rge  26. 
amount of par t ic le  precipitate in  the matr ix .  
dissolved i r _  70 minutes a t  a hot working temperature  of 720°F, a s  shown i n  
F igure  52. The hot worked s t ruc ture  of this alloy exhibits a high degree  
of prefer red  orientation with very little of the randomly dispersed smal l  
needle-like phase.  
the wrought condition, but it could be heat treated to obtain an elongation 
of 42.270 a t  68OF while the s t rength remained essentially the s a m e .  
cryogenic tempera tures ,  the elongation was a low 3.570 proving that elimina- 
t inn nf the cadmium does not,  pe r  s e ,  improve the low tempera ture  ductility. 
F u r t h e r ,  the wrought s t ruc tu re  of this alloy indicates that its propert ies  
a r e  highly directional . 
This precipitate completely 
This alloy had only moderate  s t rength and ductility in 
At 
The a s -cas t  s t ruc ture  of the 370 Th12.570 Cd alloy i s  shown in F igure  
27 and the wrought s t ruc ture  is  shown i n  F igure  53. 
B phase redissolved during hot working, which consisted of sixty minutes 
of preheating a t  '720°F and a total of thirty minutes (at five minute intervals)  
between p a s s e s .  The tip of the needles dissolved first ,  leaving the p phase 
with a shor te r  and m o r e  ellipsoidal appearance.  a l so  
appea r s  to b e  l e s s ,  indicating that the terminal  solid solubility of lithium 
i s  a function of tempera ture ,  contrary to the most recently published binary 
magnesium-lithium phase d iagram.  A s  expected from the appearance of 
the wrought micros t ruc ture ,  the low tempera ture  ductility of this alloy was 
found to b e  only 4 .5% a t  -320OF. 
A g rea t  deal of the 
The total amount of 
The r e s t  of the alloys in Matrix I1 did not warran t  an extensive develop 
ment effort Alloy 11-1 had adequate ductility but the s t rength was low. 
The proper t ies  of this alloy were  s imilar  to the well known commercial  
alloy HK31. Since a l l  of the Matrix I1 alloys contained 170 Z r  and 370 Th,  it  
must  b e  concluded that small  additions of Zn, Ag,  Cd and Li do not signifi- 
cantly affect the Properties of the basic alloy. Increasing the lithuim coctent 
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to 770 and the s i lver  and cadmium contents to 470 and 10% respectively,  while 
keeping the zinc at 270 (Alloy 11-2), did not i nc rease  the s t rength but lowered 
the ductility to 17. 570 a t  68'F. 
a r e  not efficient strengthening elements.  
These resu l t s  signify that s i lver  and cadmium 
' 
Increasing the zinc content from 270 to 670 (Alloy 11-4 and 11-5) 
increased the s t rength m o r e  than 60% to  42,000 ps i .  
t u re  ductility of Alloy 11-4 (containing 770 Li) remained high, but the ductility 
of Alloy 11-5 (containing 1270 Li)  was only 270 because of the formation of 
br i t t le  lithium-zinc compounds in the gra in  boundaries (See F igure  20) .  
Increasing the lithium content f rom 770, which produced a two phase at@ 
s t ruc tu re ,  to 127'0 and a n  all bcc  B s t ruc ture  did not i nc rease  the ductility 
as expected. 
of Alloy 11-4 and 11-5 did not distinguishably affect their  s t rength.  
the original Matrix I1 alloys completely achieved the property goals of the 
program at cryogenic tempera tures .  
thorium content of Alloy 11-4 improved the ductility and careful  control of 
the 8 phase in the wrought s t ruc ture  increased the ductility still  fur ther ;  
however, low tempera ture  brit t leness was sti l l  evident. The resu l t s  obtained 
f rom testing the Matrix I1 alloys indicated that the optimum lithium content 
l i es  between 770 and 12% and that the amount and orientation of the ductile 
B phase must  b e  carefully controlled to minimize ensuing f rac ture  c r a c k s .  
The ambient tempera-  
Significantly the difference in the s i lver  and cadmium contents 
None of 
Eliminating cadmium and reducing the 
Modification cf Matrix1 Allovs 
Since none of the original Matrix I alloys were  ductile, seven extra-  
cu r r i cu la r  modifications were  made. These alloys were  designated a s  Matrix 
IA alloys and a l l  contained 970 lithium and,  s imi la r  to the original Matrix 
I1 a l loys ,  contained 370 Th  and 1% of a gra in  re f iner .  
Alloys LA1 throkgh IA5 and zirconium was added to alloys IA6 and IA8. 
of these  nucleant gra in  re f iners  proved effective for these high lithium alloys 
regard less  of the aluminum content a s  shown in  F igures  52 through 56. 
Hexachlorobenzene gra in  refining may have been effective but t ime d i d  not 
p e r m i t  an evaluation of this compound during the present  program.  
Silicon was added to 
Neither 
Manganese was added to the melt  i n  the fo rm of a dusting flux, but 
was evidently not effective as a solid solution strengthener because of the 
modera te  ultimate tensile strengths obtained for the whole s e r i e s  of alloys I 
The r e su l t s  indicate that the effect of manganese should be  studied with 
manganese additions made in the form of a mas te r  alloy hardener .  
The entire alloy system of Matrix IA was character ized by excellent 
ductility even a t  cryogenic temperatures .  F o r  example, one specimen of 
Alloy IA8 showed 1470 elongation at -3200F with a tensile strength of 41,300 
p s i .  These  specimens exhibited local necking which, in many c a s e s ,  oc-  
cu r red  outside the two-inch gage markings,  
of the specimec,  a s  a resu l t ,  a wide sca t te r  
but within the necked down a r e a  
of the reported ductility data 
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was obtained. 
measured 1870. All elongation values in  Table I1 a r e  given as a percentage 
within two inches and therefore  must  b e  considered the low l imi t  of the in- 
herent ductility of the Matrix IA alloys.  
If a 2 9 '  gage length was used, the elongation would have 
Alloy IA4 showed an elongation of 45.  370 when tested at 680F in the 
as-rol led condition with only a moderate s t rength of 24,300 p s i .  
the s i lver  content to 170 and eliminating aluminum resulted in  a slight de-  
c rease  in s t rength with practically no lo s s  in  ambient tempera ture  ductility 
as shown by the resul ts  of testingAlloy IA5. Heat treating this alloy raised 
the yield s t rength but d id  not affect the ultimate tensile s t rength o r  the 
elongation. 
was somewhat lower than the desired s t rength goal of 45,000 psi  
Reducing 
At cryogenic tempera tures ,  the tensile s t rength of this alloy 
The higher alloyed specimens of the 970 L i  s e r i e s ,  Alloy IA6 and IA8, 
showed a n  inc rease  i n  s t rength overAlloy IA4 and IA5 as well as excellent 
ductility, but were  surprisingly weaker than Alloy IA3 which contained a 
comparatively low alloying content. However, the sixty percent i nc rease  in  
s t rength for Alloy IA8 at -320°F coupled with its good ductility indicates 
that this alloy should b e  considered for further development. 
The  grea tes t  improvement of this nominal composition probably can 
be  achieved by modifying the melting and casting technique. 
in the casting resulting in l e s s  than optimum proper t ies .  
of this type of alloy, however, can be increased by increasing the c ros s  
sectional area of the sump to provide a grea te r  screening a r e a ,  while main- 
taining a sprue  a r e a  which will choke the liquid alloy during pouring. 
is good magnesium melting pract ice  because this way, air is  not aspirated 
into the molten s t r e a m  and the liquid alloy flows quietly into the mold cavity 
These  alloys 
- - - - - -  w e ~ e  U l l l l L U L L  > : f f : - - - l+  4- L v  L w y c  - = e +  t r r i t h  . . A L I . _  +he  _.__ n y p s p  r- _ _  _nt mold design and d ross  was entrapped 
The  castability 
This 
The wrought microstructuresof  Alloy IA6 and IA8 a r e  shown in  
F igure  57 and 58 respectively ~ 
alloys a r e  a lmost  totally B phase s imilar  to the 1270 lithium Alloys 11-3, 
11-5 and 11-7; however, these alloys a r e  ductile whereas the la t te r  alloys 
a r e  extremely br i t t l e .  The elimination of cadmium and the reduction of 
zinc was  believed to be pr imari ly  responsible for  this improvement.  
The photomicrostructures show that the 
Electron Micros copy 
Electron photomicrographs of a heat treated 11-4 alloy were  obtained. 
F ive  electron micrographs a r e  shown in  F igure  59 .  
picture  i s  B (bcc) and the l a r g e  white a r e a  i s  the a matr ix .  
precipi ta te  can b e  seen in the B phase which evidently doas not embrit t le 
the alloy because this specimen had good ductility (18. 3700) a t  ambient tempera ture .  
The dark  a r e a  in  the 
A spherical  
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C .  STATEMENT O F  MAN HOURS EXPENDED 
A total of 4100man hours was expended during the cour se  of the 
p rogram.  
D. ANTICIPATED WORK FOR THE PERIOD FROM JUNE 19, 1965 THROUGH 
MARCH 20 ,  1966 
The program will continue with p r imary  emphasis  placed upon i m -  
proving the s t rength and ductility of magnesium alloys at cryogenic tempera-  
tu res  through alloying and hot working techniques. 
alloys will b e  improved by devising methods for full protection of the molten 
metal  f rom oxidation during welding and fifty pound ingots of the mos t  p romis -  
ing alloys will b e  cast and rolled into shee t  for final testing and evaluation. 
P a r t  of the evaluation program will include applying existing coatings to 
the alloys and determining the susceptibility of the composite coating and 
magnesium alloy to co r ros ion .  
The  weldability of the 
-15- 
TABLE Il 
SUMMARY OF MECHANICAL PROPERTY DATA 
Aging v - 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
200 
200 
- 
- 
- 
300 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
Y.S. 
0.270 Offset 
- ARing 
Time 
Mine. 
- 
- 
- 
- 
- 
- 
- 
- 
60 
120 - 
- 
- 
180 
60 
60 
60 
60 
60 
60 
60 
60 
60 
90 
75 
60 
60 
60 
60 
U. T. 
- A l h  psi 
El. 
yp-x 2" 
22 
12 
17. 5 
10 - 
11 
16 
40. 6 
15. 8 
11.4 
19 
12 
11 
1.0 
4.5 
3 
4 
13. 3 
10.5 
5.0 
4. 0 
r; 
6. 3 
4. 3 
18.3 
6.25 
26 
28.1 
9.4 
14.9 
3 
3 
1. 1 
0 
0 
0 
0 
0 
0 
0 
1.3 
1. 7 
9.3 
10.0 
3.5 
3.0 
7.8 
6, 5 
6.4 
S. H.'T. 
"F -
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
600 
600 
700 
700 
800 
700 
600 
600 
600 
600 
600 
600 
600 
600 
650 
600 
600 
650 
650 
650 
650 
psi Remarks 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
Ae Rolled (ImprovedScreening 
A s  Rolled (Improved8creening 
A s  Rolled (ImprovedBcreening 
A s  Rolled (ImprovedOcreening 
A s  Rolled (ImprovedScreening 
A s  Rolled (ImprovedScreening 
A s  Rolled (ImprovedScreening 
As Rolled (Average 02 Two 
During Caeting) 
During Casting) 
During Casting) 
During Casting) I 
During Canting) 
During Casting) 
During Casting) 
Specimens: Improved Screen- 
ing During Casting) 
As Rolled (ImprovedScreening 
During Caating) 
A a  Rolled (ImprovedScreening 
During Caating) 
A s  Rolled 
Rolled-SHT 1 hr. at 210°F 
Rolled-SHT 1 hr. at2lOOF 
Rolled-SHT 1 hr. a t  4100F 
Rolled-SHT 1 hr.  at5OOOF 
Rolled-SHT 1 hr. at LOOOF 
IioiieG-SHY : hr. at 6WOF. 
Aged 15 mins. a t  2 0 0 9  
Rolled-SHT 1 hr. a t  600°F, 
Aged 30mina. at  2OO0F 
Rolled-SHT 1 hr. a t  600+, 
Aged 45 mins. at  2OOOF 
Rolled-SHT 24hrs. a t 6 0 0 9 ,  
Aged 60 mins. at  LOOOF 
Rolled-SHThhr. a t  6 0 0 9 ,  
Aged 60 mins. at  200°F 
Rolled-SHT ahr .  a t  6000F. 
Aged 60 mins. at  200°F 
I1 1 26,400 
I1 1 25.200 
11 2 27,770 
11 4 46,560 
I 1 4  45,450 
I1 4 42,170 
114 51.050 
10,000 
16,600 
10,900 
29,470 
28,000 
27,000 
44,890 
78 
70 
83 
83 
83 
83 
95 
90 
91 
88 
86 
89 
93 
92 
94 
92 
85 
84 
84 
89 
94 
96 
- 
- 
80 
88 
87 
- 
- 
102 
99 
98 
80 
82 
91 
90 
84 
79 
92 
92 
91 
89 
83 
88 
91 
86 
85 
85 
68 
68 
68 
68 
68 
68 
68 
7 
I14 40.000 33,333 68 
114 46,870 68 40.000 
68 L14 41,000 39,900 
11 4 40,000 33,120 68 
I1 4 48,600 47,500 68 
I1 4 49,500 48,000 68 
I1 4 49, 900. 37, 300 - 320 
I1 4 54.800 44.500 - 320 
-320 E 4  55 ,000  50.600 
- 320 
68 
68 
68 
68 
61 
68 
114 53,700 
11 4 37, 190 
I1 4 38,000 
114 41.600 
U 4 45,400 
ii 4 47,360 
I1 4 44,100 
43,200 
30,500 
- 
13,fnn 
41,000 
68 11 4 42,770 
I14 41,210 38.000 68 
11 4 38.120 29,000 68 
II 4 36,510 
11 4 36,050 
33,700 
33,600 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
-320 
-320 
-320 
-320 
I1 4 44.790 
114 39.300 
I1 4 43,000 
I1 4 41,200 
I1 4 44,000 
I14 37.900 
II 4 36,800 
I1 4 39,800 
I1 4 36,500 
11 4 38,900 
I1 4 40,000 
I1 4 32,400 
I1 4 36,600 
I1 4 39,60G 
I14 46,500 
I1 4 45,100 
I14 48.600 
I1 4 58,400 
I1 4 52,500 
I14 52.500 
I1 4 51.900 
39,600 
33,400 
42.500 
40,200 
37.900 
36,800 
39,800 
36,500 
38.900 
40,000 
32,400 
35,000 
39,600 
43,300 
39.100 
37,200 
46,800 
44.000 
42,000 
41.500 
- 
A s  Quenched 
As Quenched 
A a  Quenched 
Notched 
Notched 
Notched 
Notched 
Notched 
Welded 
Welded 
Welded 
Hot Worked at  6OO0F 
Hot Worked at  600°F 
Hot Worked at  600°F 
Hot Worked at 600- 
Hot Worked at 7 2 0 9  
Hot Worked at  7 2 0 9  
Hot Worked at  7 2 0 9  
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Alloy 
1A 1 
1A 1 
1A 1 
1A I 
1A3 
LA3 
1A 3 
lA3 
LA 3 
h 3 
1A 3 
1A3 
1A 3 
1A 3 
1A4 
1A4 
1A5 
1A5 
1A5 
1A5 
IA5 
lA5 
LA5 
1A5 
1A5 
1A5 
1A5 
lA5 
1A6 
i A 6  
1A6 
LA6 
lA6 
1A6 
U. T. -
psi 
25. 100 
25, 100 
25,000 
26,260 
38,200 
37,700 
36,800 
37,700 
36,800 
33.333 
38.500 
45,000 
32,800 
33,000 
24. 300 
24,500 
20,200 
20,200 
20,200 
20,200 
20,900 
20,200 
30,000 
31,000 
31.600 
41,380 
32, 151 
47,100 
28,200 
26 ,500  
25,800 
39,100 
40,000 
66,200 
Y. s. 
0.270 Offset 
-
psi 
24,000 
24,000 
24,000 
25, 100 
33,600 
33.200 
32,400 
33,800 
31,600 
30,000 
33,500 
37,000 
32,800 
33.000 
23,600 
23,800 
16, 100 
16,200 
16,000 
16,000 
18,400 
17,800 
20, 300 
19,300 
20,300 
32,000 
25,000 
38.600 
25,000 
2 : ,  SCC 
23.000 
28,000 
43.300 
TABLE I1 
(Continued) 
SUMMARY OF MECHANICAL PROPERTY DATA 
El. 
? f o x  2" 
28.4 - 
27 
30 
11.8 
13. 3 
11.5 
13. 3 
11 .5  
22. 5 
4 
5 
0.7 
0.5 
45. 3 
25. 7 
40 
30 
40 
30 
40 
30 
8.8 
10.5 
11.5 
11.2 
14 
13.5 
30.8 
15 
c n  
2" 
9.7 
9. 2 
10 
Hardness 
Re 
64 
67 
66 
69 
76 
71 
80 
79 
80 
78 
74 
68 
66 
67 
70 
67 
68 
69 
-
65 
68 
65 
66 
67 
66 
79 
74 
76 
76 
75 
76 
Testing 
P - 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 
-320 
-320 - 320 
-320 
- 320 
- 320 
-452 
68 
68 
68 
-320 
- 320 
-452 
Aging 
- OF - 
S.H.T. Time 
Mins. 
 
- - 
850 180 
650 30 
650 180 
650 30 
650 180 
600 60 
600 60 
850 30 
850 30 
850 30 
850 30 
850 30 
- 
850 30 
R50 30 
850 30 
850 30 
850 30 
850 30 
- 
Aging w - 
- 
- 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
- 
200 
200 
200 
200 
200 
200 
- 
Remarks 
As Rolled, Coarse Grained 
Unable to obtainaccurate elonga- 
A s  Rolled 
A s  Rolled 
Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
As Rolled 
As Rolled 
As Rolled 
Notched (Dross inGage Area) 
Notched (Dross inGage Area) 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
tion 
Coarse Grained 
Coarae Grained 
As Rolled- local necking - d r  os s 
A s  Rolled-local necking-dross 
Coarae Grained 
A s  Rolled, Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
The Following Allovs a r e  All- I1 4 with Variations in the Cadmium and Thorium Content 
OCd-3 Th 37,800 
OCd-3 Th 34,500 
OCd-3 Th 51,700 
OCd-3 Th 64, 300 
OCd- 1$Th 40,200 
OCd- 14Th 39,800 
OCd-1QTh 31,500 
OCd- 13Th 48,200 
OCd- laTh 50,000 
OCd- 13Th 5 1,300 
OCd-1sTh 65 ,000  
5Cd- 13Th 40,200 
5Cd- 13Th 37,600 
5Cd- lgTh 48,300 
115 42,500 
I1 5 48,800 
II 5 21,300 
II 10* 48,888 
11 10 47,440 
11 10 42,500 
I1 10 38,500 
II 10 39,500 
11 10 40,800 
II 10 47,000 
II 10 38,000 
34,000 
30,200 
48,200 
59,100 
35,600 
35,300 
27,900 
43,700 
45,300 
50,000 
60,200 
39,200 
32,900 
44,100 
40,000 
45,900 
21,300 
44,444 
41.000 
42,000 
41,000 
38,000 
39,000 
36,600 
39,400 
20. 7 
42. 2 
3.5 
2.5 
17 
17. 3 
18.4 
8.5 
7 
4.5 
2.5 
5.5 
27 
5 
1. 3 
2. 25 
0 
4 
6 
6.8 
2. 7 
2 
2 
2.5 
2 
84 68 
80 68 
88 - 320 
86 -452 
84 68 
83 68 
82 68 
80 -452 
87 - 320 
82 - 320 
86 -452 
92 68 
85 68 
85 - 320 
76 68 - - 320 
80 68 
85 68 
86 68 
84 - 320 
83 68 
84 68 
83 68 
85 68 
86 68 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 - 
800 
- 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
60 200 
- - 
. - 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
A s  Rolled 
As Rolled 
*I1 10: 75 Mg - 1Zr - 6Th - 5 Z n  - 4Cd - 5Ag - 5 L i  
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TABLE I1 
(Continued) 
SUMMARY OF MECHANICAL PROPERTY DATA 
Y.S. Testing Aging Aging -
Hardness Temp. S.H.T. Time 
Mins. %? U.T. 0.2% Offset - OF - -OF - Re -Alloypsi psi % in 2" 
II 11** 43,400 
I1 11 40,000 
I1 11 42,300 
I1 11 41,700 
I1 11 42,600 
II 11 38,000 
II 11 40,800 
I1 11 43,000 
I1 11 40,000 
XI 11 43.000 
II 11 42, 300 
1A8 26,800 
1A8 25,400 
1A8 26,200 
1A8 41.600 
1 A 8  44,900 
1A8 41,300 
1A8 42,000 
1A8 40,000 
1A8 51.500 
I1 11 39,100 
41,400 
40,000 
42.300 
40,700 
39,100 
40,000 
38.000 
37,800 
40,000 
38,000 
38,000 
42,000 
24,500 
22,500 
23, 300 
30,400 
34,600 
39,000 
31, 100 
30,000 
43,000 
3. 1 
0.6 
1.4 
3 
1. 2 
3. 1 
0 
3 
1.5 
2.2 
4.6 
1.0 
35.3 
49 
54.5 
9. 9 
8.2 
14. 0 
8 .5  
10.8 
5 
68 60 
69 68 
68 68 
70 68 
67 68 
68 68 
70 68 
7 1  68 
68 68 
70 68 
69 66 
70 68 
80 68 
1 6  68 
78 68 
76 - 320 
74 - 320 
76 -320 
74 - 320 
75 -320 
74 -452 
**II 11:  66Mg - 1Si - 3Th - 6 Z n  - lOCd - 2Ag - 12Li 
- 18- 
- 
- 
- 
- 
850 
600 
850 
850 
850 
850 
850 
850 
- 
- - 
- 
30 
30 
30 
30 
30 
30 
30 
30 
- 
200 
200 
200 
200 
200 
200 
200 
200 
Remarks 
A s  Rolled, Coarse Grained 
A s  Rolled, Coarne Grained 
A s  Rolled, Coarse Grained 
As Rolled, Coarse Grained 
As Rolled, Coarse Grained 
A s  Rolled, Coarse Grained 
A s  Rolled, Coarse Grained 
A s  Rolled, Coarse Grained 
A s  Rolled, Coarse Grained 
A s  Rolled, Coarse Grained 
As Rolled, Coarse Grained 
A s  Rolled, Coarne Grained 
As Rolled, Coarne Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarse Grained 
Coarne Grained 
Coarne Grained 
Coarse Grained 
Notched 
C 
0 
ld 
.rl +J
f I I 
U L  
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I 
i 
I 
I 
i 
F i g u r e  2 Melting Cruc ib le  and Top Showing Ent rance  P o r t  for Adding 
Alloying E lemen t s  to the Melt  
20 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
! 
~ 
I 
I 
I 
I 
I 
lr 
k I- .-. 
r -  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
-21 - 
I '- 
I 
I 
F i g u r e  4. Opened View of Cas t  I ron  Permanent  Mold Showing An Enlarged  Runner 
And The F ina l  Ingate Design. The Side Gate W a s  Blocked Off F o r  Most 
Of The Melts.  
‘-I+ 
N 
I 
c 
-1.u 
.t - 
t 
-m- 
-23 -  
Figure  6. Melting and Casting of Magnesium Alloys At  the AMF Resea rch  Foundry .  
The Metal  i s  being poured directly into the Sprue of a cas t  i ron  permanent  
mold. 
liquid m e t a l  f r o m  oxidation. 
The  Crucible is tightly sealed and purified a rgon  protects the 
24 
I -  
F i g u r e  7. Typical  Pe rmanen t  Mold Casting Showing The Gating, Runner ,  and Sump. 
Note the excel lent  castabil i ty of this  a l loy a s  shown by the s h a r p  edges  
and absence  of shr inkage i n  the ingot. 
25 
* .  . - 0 .  
I '  
e'! 
. .  
\ 
Alloy 1-1, As Cas t  250X 
F i g u r e  8 
s, 
Alloy 1-2,  As Cas t  250X 
F i g u r e  9 
Alloy 1-3,  AS Cas t  250X 
F i g u r e  10 
Alloy 1-4, As Cast  250X 
F i g u r e  11 
2 6  
t -  
I 
Alloy 1-5, As Cast 250X 
F igure  I2 
Alloy 1-7, As Cas t  250X 
F igure  14 
Alloy 1-6,  As Cast 250X 
F igure  13 
It :. . .  
Alloy 1-8, As Cast 250X 
F igure  15 
27  
I ' -  
I 
I 
4 
I 
I 
I 
Alloy 1-9 ,  As  Cas t  250X 
Figure 16 
Alloy 11-2, A s  Cas t  lOOX 
F i g u r e  17 
Alloy II-3, Solution Heat 
T r e a t e d  lOOX 
F i g u r e  18 
2 8  
Alloy 11-4, A s  Cast  75X 
F i g u r e  19 
-c, c. . 
0 
_. 
.- 
Alloy U-5, Solution Heat 
T r e a t e d  lOOX 
Figure  20 
Alloy 11-6, Solution Heat 
T rea t ed  lOOX 
F i g u r e  2 1  
Alloy LI-7, Solution Heat 
T r e a t e d  lOOX 
F igure  22 
Alloy 11-8, Solution Heat 
T rea t ed  IOOX 
F i g c r e  2 3  
29 
Alloy II-4, Modified, As 
Cast ,  l $ T h l  5 Cd 7 5 x  
Figure 24  
Alloy LI-4, Modified] A s  
Cast,  Th, 0 Cd 7 5 x  
F i g u r e  25 
Alloy 11-4, Modified, As 
Cast,  3 Th, 0 Cd 75x 
F i g u r e  26 
Alloy 11-4, Modified, As  
Cast ,  3 Th, 2 3 C d  7 5 x  
F igu re  27 
30 
Alloy 11-4, Modified, As 
Cast, 29Th, 5 C d  7 5 x  
Figure  28 
Alloy 111-2, As Cast 250X 
Figure  30 
Alloy 111-1, As Cast 250X 
Figure  29 
Alloy 111-3, As Cast lOOX 
Figure  3 1  
31 
Alloy III-4, As Cas t  250X 
Figure  32 
Alloy III-5, As Cast  250X 
Figure  3 3  
Alloy 111-6, A s  Cast  lOOX 
F i g u r e  3 4  
I .- 
Alloy 111-7, A s  Cast  250X 
F i g u r e  35 
32 
Alloy 111-8, As Cas t  250X 
Figure 36 
Alloy 111-9, As Cas t  250X 
Figure 37 
,4110~ III-10, A s  Cas t  250X 
Figure 38 
33 
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Alloy 11 - 4, Phot om ic r o g r a ph , 
Exhibited 40. 670 Elongation 
75x 
F igure  40 
Alloy 11-4, Photomicrograph,  
Exhibited 26% Elongation 
75x 
F igure  41 
35 
Alloy 11-4, Photomicrograph, 
Exhibited 1670 Elongation 
lOOX 
Figure  42 
3 6  
Alloy 11-4, Hot Worked  at 
600°F 75x 
Figure  44 
Alloy 11-4, Hot Worked at 
720'F 7 5 x  
F i g u r e  45 
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SOLUTION HEAT TREATING TEMPERATURE ( O F )  
Figure  46. The effect of post hot working heat t reatment  ( for  one hour 
a t  various tempera tures)  on the strength and ductility of 
of Alloy I1 4. 
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Figure  48. The effect of solution heat  treating for 1 hours  a t  
600°F and aging for  various t imes  at 200°F on the 
strength and ductility of Alloy I1 4. 
-40- 
Alloy 11-4, Modified, As 
Rolled, 1s Th, 0 Cd, 50 
Minutes at Tempera tu re  
Tens i le  Strength 38,  800 psi  
Figure  49 
Elongation 17. 370 75 x 
Alloy 11-4, Modified, As 
Rolled, 1*Th, 0 Cd, 140 
Minutes at T e m p e r a t u r e  
Tens i le  Strength 31, 500 psi  
F igure  50 
Elongation 18. 470 75x 
41 
Alloy 11-4, Modified, As 
Rolled,  1% Thy 5 Cd 75X 
F igure  5 1 
. .  
. 
Alloy- l l -4 ,  Modified, A s  
RollL~d,  3 Th,  0 Cd 75 x 
Figure  52 
42 
Alloy 11-4, Modified, As 
Rolled, 3 Th, 2 8  Cd 75X 
Figure  5 3  
43  
Alloy IA-5, As Cast  250X 
Figure 54 
Alloy IA-6, As Cast  75X 
Figure 55 
Alloy IA-8, As  Cast  75X 
F i g u r e  56 
44 
Alloy LA-6, Hot Worked  at 
72 O ° F  7 5 x  
F i g u r e  57 
45 
Figure 59 
Electron Photomicrographs  of Al loy  I1 4 
at 4300 X Magnification 
